Abstract α, β, and γ adducins mediate F-actin remodeling of plasma membrane structures as heterotetramers. Here, we present two new functions of γ-adducin.
Introduction γ-Adducin was first cloned from a rat kidney cDNA library (Dong et al. 1995) and belongs to the adducin family, together with α-adducin and β-adducin. The amino acid sequences are generally well conserved between adducins (Matsuoka et al. 2000) . These isoforms form two types of tetramers consisting of either α-and β-or α-and γ-adducins (Matsuoka et al. 2000) . Adducins are ubiquitously expressed and enriched in synapses of different brain areas including hippocampus and hypothalamus (Yang et al. 2002) , and in dendrites and dendritic spines of the CA1 and CA3 regions of the hippocampus (Seidel et al. 1995; Matsuoka et al. 1998) , implying their possible roles in the central nervous system. As such, knockout of β-adducin impairs both long-term potentiation and depression, resulting in deficits in learning and memory in mice (Rabenstein et al. 2005; Porro et al. 2009 ). A recent report indicated that β-adducin is required for stable assembly of new synapses and improved memory upon environmental enrichment (Bednarek and Caroni 2011) . However, the role of γ-adducin is less well understood.
Adducins control growth of filamentous actins (F-actins) via their interaction with the fast-growing barbed ends of Factins, spectrin, protein kinase C, protein kinase A, and calmodulin kinase, thereby affecting actin remodeling at the cortex underneath the plasma membrane (Kuhlman et al. 1996; Matsuoka et al. 2000; Barkalow et al. 2003) . The C terminus of adducins contains myristoylated alanine-rich C-kinase substrate (MARCKS) domain that interacts with those proteins involved in remodeling of F-actins (Matsuoka et al. 2000) . γ-Adducin is highly expressed in progenitor cells that undergo morphogenetic migration during neural tube closure (Akai and Storey 2002) , and its overexpression or mutation induces development of capillary-like tube structures from endothelial cells (Cappuzzello et al. 2007; Matou-Nasri et al. 2009 ). In addition to F-actin remodeling, adducins also affect vesicle exocytosis (Miyazaki et al. 1994; Burns et al. 1998) . Rabphilin-3A implicated in activity-dependent neurotransmitter release interacts with β-adducin (Miyazaki et al. 1994; Burns et al. 1998) . Furthermore, we recently demonstrated that the cytoplasmic tail of transmembrane carboxypeptidase E (CPE) present in hypothalamic synaptic vesicles interacted with F-actins via γ-adducin. This interaction was required for localization of the synaptic vesicles in the pre-active zone of hypothalamic presynaptic terminals for proper stimulated secretion of glutamate (Lou et al. 2010 ). Thus, γ-adducin, via interactions with F-actins, plays dual roles, one in plasma membrane remodeling and the other in synaptic vesicle localization at the synaptic bouton.
In this report, we demonstrate two new roles of γ-adducin. Our study shows that exogenous expression of γ-adducin in non-neuronal COS7 cells induced neurite-like process outgrowth, while overexpression of its C-terminal 38 amino acids (γAdd C38 ) to compete for interaction of endogenous γ-adducin with F-actins inhibited neurite-like process outgrowth in Neuro2A (N2A) cells and anterior pituitary AtT20 cells. Additionally, γ-adducin appears to be involved in the re-organization of the actin network around the Golgi complex to facilitate vesicular exit of POMC/ACTH out of the Golgi complex in AtT20 cells. The F-actin reorganization around the Golgi complex may be mediated by an interaction of γ-adducin. γ-Adducin was also found to bind to the cytoplasmic tail of the transmembrane form of CPE (Lou et al. 2010 ) which is present in membranes of the trans-Golgi network and POMC containing secretory vesicles in AtT-20 cells (Dhanvantari and Loh 2000; Dhanvantari et al. 2002) . This binding may also participate in promoting POMC vesicle budding from the trans-Golgi network (TGN).
Materials and Methods

DNA Constructs
The cDNA of full-length γ-adducin was generated by PCR and subcloned into EcoRI/XhoI sites of pcDNA 3.1+ (Invitrogen, Carlsbad, CA). The cDNA of C-terminal 38 amino acids of γ-adducin (γAdd C38 ) was subcloned into Kpn1/Not1 sites of pcDNA 3.1+ (γAdd C38 /pcDNA3.1+). Green fluorescence protein (GFP)-tagged full-length γ-adducin (GFP-γ-adducin) and GFP-tagged C-terminal 38 amino acids of γ-adducin (GFP-γAdd C38 ) were generated by subcloning at the XmaI/BglII sites in pEGFP-C1 (Clontech, Mountain View, CA). GST-tagged C-terminal 10-amino-acid of CPE (GST-CPE C10 ) and GST-tag constructs were described previously (Park et al. 2008 ).
Antibodies for Immunocytochemistry and Western Blot
Rabbit antibodies against α-adducin (H-100), β-adducin (N-19), and goat antibody to γ-adducin (H-16) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse antibody to α-tubulin and p115 was from BD Bioscience (San Jose, CA). Rabbit anti-CPE and POMC/ ACTH antibodies were made in our laboratory. Mouse antibodies to actin were from Abcam, Inc. (Cambridge, MA). The Alexa Fluor @ conjugated secondary antibodies used for immunocytochemistry were purchased from Invitrogen. The IRDye™700 and IRDye™800 conjugated secondary antibodies (Rockland Immunochemicals, Gilbertsville, PA) were used for Western blotting.
Cell Culture, Transfection, and Immunocytochemistry COS7 cells, Neuro2A (N2A) cells, and AtT20 cells (all from A.T.C.C., Manassas, VA) were grown in DMEM containing 10% fetal bovine serum and transfected with cDNA constructs (full-length γ-adducin/pcDNA3.1+, pcDNA3.1+, GFP-γ-adducin, GFP-γADD C38 , or GFP vector control) using Lipofectamine 2000 (Invitrogen). To select AtT20 cells that were stably expressing γAdd C38 /pcDNA3.1+, G418 (500 μg/ml) was added to the media of the transiently transfected cells after 48 h. Stable colonies were selected after 3 weeks of transfection.
To study the effect of exogenous full-length γ-adducin on the morphology of the cells, immunocytochemistry was preformed to detect exogenous γ-adducin as described previously after 48 h transfection (Lou et al. 2007 ). The percent of cells expressing the full-length γ-adducin or its dominant negative form, γAdd C38 , was calculated with respect to elongated or shortened processes. GFP-expressing cells were examined as control. To examine the effect of γAdd C38 on the intracellular distribution of POMC/ACTH vesicles, AtT20 cells were transfected with GFP or GFPγAdd C38 and immunostained for endogenous POMC/ ACTH and p115 (a Golgi marker). The number of cells with accumulated POMC/ACTH immunostaining in the cell processes, or with extensive POMC/ACTH staining in the Golgi complex was counted and expressed as a percent of total transfected cells. The mean ± standard error of mean (SEM) was obtained from at least three separate experiments. Immunocytochemistry was also used to investigate the localization of endogenous γ-adducin and α-adducin or p115 in AtT20 cells.
To investigate an effect of expression of γAdd C38 on microtubule organization and F-actin distribution, we used stably transfected AtT20 cells. A pool of antibiotic-resistant cells was batch-selected from either γAdd C38 or vector transfected cells for the experiments. AtT20 cells were immunostained with anti-tubulin, and images were captured on a confocal microscope. The interphase in these cells usually shows a radial arrangement of microtubules in the peri-nuclear region. The number of cells with the radial microtubule arrangement was counted in three independent experiments (416 cells for control and 415 cells for γAdd C38 groups). The percent of cells showing the interphase microtubules was calculated. Immunocytochemistry using double-staining of p115 and rhodamine-labeled phalloidin (Cytockeleton, Denver, CO) was performed to investigate Factin distribution in stably transfected AtT20 cells. The images of F-actin distribution were captured by confocal microscopy. The average intensity and the area of F-actin puncti around the Golgi complex were analyzed using 'Metamorph' software. The peri-Golgi region showing Factin puncti was chosen by a selecting tool for free shape and subject to region measurement tool of Metamorph for calculation of average intensity and area (pcDNA3.1+ alone, n083; γAdd C38 /pcDNA3.1+, n0101). In addition, in order to examine the effect of expression of γAdd C38 on F-actins inside of cells, we counted the number of stable transfectant cells showing F-actin fibrils or no fibrils in the cytoplasm (pcDNA3.1+ alone, n 0313; γAdd C38 / pcDNA3.1+, n0222).
Western Blotting for Adducins
To examine the protein levels of adducins, cell lysates were prepared in M-PER lysis buffer (Thermo Scientific) and protein concentration were determined with protein assay reagent (Bio-Rad, Hercules, CA, USA). Multiple aliquots of 20 μg of proteins from each cell lysate were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After blotting, the nitrocellulose membrane was cut into three pieces and incubated separately with α-, β-, or γ-adducin antibodies and β-actin antibody. The corresponding protein bands were compared for the expression of different isoforms of adducin for each cell line.
Interaction of γ-Adducin with Different Domains of the CPE Cytoplasmic Tail CPE C-terminal ten amino acids tagged with GST (GST-CPE C10 ) or GST-tag control were used in co-precipitation with AtT20 cell cytosol as described previously (Park et al. 2008 ). To identify the region of γ-adducin that interacts with CPE, co-precipitation was performed in the presence and absence of three peptides derived from the C-terminal 38 residues of γ-adducin (Peptide 2.0, Chantilly, VA). AtT20 cell cytosol was pre-incubated with the peptides at two concentrations for 30 min at 4°C prior to coprecipitation. The presence of endogenous γ-adducin in GST-CPE C10 pulldown was detected by Western blotting.
Statistical Analysis
All quantifications in immunocytochemistry and Western blot experiments were carried out at least in three separate experiments (n03) in each group, unless stated otherwise. Data are presented as mean±SEM. Analyses of statistical significance were performed using student's t test with two tails to establish statistical significance between experimental groups at the p<0.05 level.
Results
γ-Adducin Promotes Growth of Neurite-like Processes in COS7 Cells
Based on the reports of enrichment of adducins in the dendrites of neurons (Seidel et al. 1995; Matsuoka et al. 1998) and their involvement in capillary tube formation from endothelial cells (Cappuzzello et al. 2007; MatouNasri et al. 2009 ), we speculated that adducins might promote neurite/process outgrowth. To test this hypothesis, we examined the effect of exogenous expression of γ-adducin, an adducin isoform that was detected at very low levels in the fibroblast COS7 (Fig. 1a) , on the morphology of the cells which do not normally form long processes. Western blot analysis confirmed that COS7 cells expressed α-adducin and β-adducin but little γ-adducin (Fig. 1a) . Fulllength γ-adducin transiently transfected into COS7 cells was expressed at high levels (Fig. 1a) . We examined the morphology of cells expressing GFP-tagged γ-adducin. In 539 control cells transfected with GFP tag alone, only a few cells (6.1%±0.1, n03) formed long processes (Fig. 1b) , which is similar to untransfected COS7 cells (4.0%±0.2 in 328 cells, p>0.05). In contrast, in 904 cells expressing exogenous GFP-γ-adducin, the percent of cells that formed neurite-like processes (thin processes longer than 1 cell body length and/or have branches) was increased to 16.8% ±0.2 (n05, Fig. 1c ). Statistical analysis (Fig. 1d) confirmed that a significantly higher percentage of COS7 cells expressing GFP-γ-adducin formed long processes compared with cells expressing GFP alone (p<0.02). Thus, the exogenous expression of γ-adducin promotes formation of neurite-like processes in non-neuronal fibroblasts.
C-terminal Domain of γ-Adducin Inhibits Neurite Elongation in N2A Cells
We examined whether we could block neurite/process outgrowth using the C-terminal domain of γ-adducin that mediates most of the protein-protein interactions for Factin remodeling (Akai and Storey 2002; Cappuzzello et al. 2007; Chen et al. 2007; Lavaur et al. 2009; MatouNasri et al. 2009 ). The C-terminal 38 amino acids of γ-adducin construct was N-terminally tagged with GFP (GFPγAdd C38 ) and transfected as a dominant negative into neurite-forming neuro2A (N2A) cells that contained all three adducin isoforms endogenously (Fig. 2a) . Compared with GFP expression in control N2A cells (n0363) which (Fig. 2b) , overexpression of GFPγAdd C38 (C38, n0375) (Fig. 2c, d ) decreased the percent of cells with long neurites by ∼50% in three experiments (GFP021.6%±2.0, vs. C38011.6%±3.1, p<0.05). These results suggest that the C terminus of γ-adducin is involved in neurite outgrowth in N2A cells.
C-terminal Domain of γ-Adducin Inhibits Process Elongation in AtT20 Cells
We examined where γ-adducin and its isoforms (α, β) reside in AtT20 cells, which express all three adducin isoforms endogenously (Fig. 3a) . α-Adducin (red, Fig. 3b ) was ubiquitously expressed throughout the cell, while γ-adducin (green) was found mostly along the plasma membrane, at the process tip, and around the peri-nuclear region of the cells (Fig. 3b) . Labeling with antibody to p115, a Golgi marker, showed that γ-adducin (green) resided around the Golgi apparatus (red) (Fig. 3c) . Then, we examined whether overexpression of GFP-γAdd C38 interfered with formation of processes in AtT20 cells. Processes were visualized by staining with antibodies against secretory granule proteins, POMC/ ACTH (blue), which are localized in vesicles and transported along processes to the tips. Among the GFP-expressing cells (n0341), 35.8%±4.1 of them showed processes of longer than one cell body length (Fig. 3d) . In contrast, only 12.2% ±3.6 cells expressing GFP-γAdd C38 (C38, n0616) showed such long processes (p<0.05) (Fig. 3e and f) . Conversely, the percentage of cells showing short processes (shorter than one cell body) was significantly increased in the cells expressing GFP-γAdd C38 compared with GFP-expressing cells (44.6± 8.5% vs. 21.41±3.2%, respectively, p<0.02) (Fig. 3f) . This result indicates that the C-terminal 38 amino acids of γ-adducin is involved in process elongation in AtT20 cells.
C-terminal γ-Adducin Domain Inhibits POMC/ACTH Exit from the Golgi Complex
In addition to inhibiting process elongation, expression of GFP-γAdd C38 appeared to cause accumulation of POMC/ ACTH in the Golgi complex (Fig. 3e) . We further investigated the effect of expression of GFP-γAdd C38 on the distribution of POMC/ACTH in AtT20 cells. GFP-expressing cells (n0266) showed distribution of POMC/ACTH vesicles (blue) along and at the tips of the processes (arrow heads) with less in the Golgi region (75.7±3.0%, Fig. 4a, c, e) . In contrast, much lower percentage of GFP-γAdd C38 -expressing cells (n0184) that had short processes showed POMC/ACTH accumulation in the processes (27.4%±1.5 [γC38] vs. 75.7%±2.9 [GFP], p<0.02) (Fig. 4b, e) .
Interestingly, GFP-γAdd C38 -expressing cells showed accumulation of POMC/ACTH mostly in the Golgi complex (labeled with anti-p115 antibody). Most (66.3%%±2.0) of Fig. 3 Effects of adducin on cell morphology in AtT-20 cells. a The expression of endogenous α-, β-, and γ-adducin and β-actin in 20 μg of proteins from AtT20 cell lysate was detected by Western blotting. b A composite confocal image of AtT20 cells immunostained with antibodies to γ-adducin (green) and α-adducin (red), and its magnified images (i) showed intense staining of γ-adducin in peri-Golgi area and ubiquitous staining of α-adducin throughout the cell. c A confocal image of AtT20 cells that were stained for γ-adducin (green) and a Golgi marker, p115 (red). Magnified image (ii) shows high levels of γ-adducin accumulated around the Golgi area. d Confocal images of GFP-expressing AtT20 cells (green) immunostained for POMC/ACTH (blue) and (e) confocal images of POMC/ACTH vesicles (blue) in GFP-γ-Add C38 -expressing AtT20 cells (green). f Bar graphs showing the percentage of the cells with different lengths of processes in cells expressing GFP-γ-Add C38 (C38, n0616) or GFP (n0341) from three experiments. The lengths of processes are categorized as (>1): longer than 1.2 cell body length, (≈1): from 0.9 to 1.1 cell body length, or (<1): shorter than one cell body length. Scale bar020 μm the GFP-γAdd C38 -expressing cells with processes (n0101) showed significant accumulation of POMC/ACTH in the Golgi complex (arrows) (Fig. 4b, d) but not in the processes. In contrast, only 10.5%±2.0 of GFP-expressing cells (n0 83) showed POMC/ACTH accumulation in the Golgi complex (Fig. 4a, c, f) . Figure 4d shows that accumulated POMC/ACTH (blue) (arrows) significantly colocalized (pink) with p115 (red: Golgi) in GFP-γAdd C38 -expressing cells, but this did not occur in GFP-expressing cells (Fig. 4c) . Thus, overexpression of GFP-γAdd C38 appears to inhibit vesicular exit of POMC/ACTH from the Golgi complex, resulting in accumulation of POMC/ACTH in the Golgi, with less being transported to the processes.
C-terminal γ-Adducin Domain Perturbs F-actin Organization
Given that γ-adducin is involved in F-actin organization for remodeling of plasma membrane structures, it was possible that introduction of γADD C38 might perturb organization of F-actins for outgrowth of neurite/process (Figs. 2 and 3) . In (C38, n0101) or GFP (n083) from two separate experiments. Scale bar020 μm addition, the presence of γ-adducin around the Golgi region (Fig. 3b, c) raised the possibility that it may play a role in actin-dependent vesicular budding of POMC/ACTH from the TGN (Fig. 4) .
To address this question, we first examined whether γAdd C38 expression affects microtubule organization in the stable transfectants. However, we found no significant disruption of interphase microtubule organization in γAdd C38 expressing cells compared with control AtT20 cells (Fig. 5a and b, see arrows) . The percent of cells showing normal interphase microtubule organization were quantified (control0416 cells and γAdd C38 0415 cells from three different experiments). Expression of γAdd C38 did not perturb the radial arrangement of microtubules from the peri-nuclear region (Control087%±2, γAdd C38 089%±3, p>0.4) (Fig. 5c ). This suggests that γAdd C38 expression does not affect organization of microtubules.
To determine the effect of expression of γADD C38 on actin organization along the processes and at the peri-Golgi region, we used stable transfectants of AtT20 cells expressing γAdd C38 (γAdd C38 /pcDNA3.1+) or pcDNA3.1+ alone. AtT20 cells (Con.) transfected with vector alone showed Factin fibrils along the long processes (Fig. 5d , e and insets i and ii) and F-actin puncti around the Golgi complex ( Fig. 5e and inset iii). In contrast, AtT20 cells stably transfected with γAdd C38 showed different cell morphology; these cells were more flat in appearance with small pseudo-processes. Actins were dispersed throughout the cytoplasm without forming fibrils (Fig. 5f, g and insets iv-v) . These cells showed a reduction in accumulation of F-actin puncti around the Golgi complex (Fig. 5f, g and inset vi) . Our quantitative analysis showed that the percent of cells with intracellular Factin fibrils was significantly decreased in cells expressing γAdd C38 compared with control cells (28.2±4.0% in γ-Add C38 vs. 81.9%±4.2% in control, p<0.0001) (Fig. 5h) The insets i-iii (control) and iv-vi (γAdd C38 ) show the magnified images of F-actin staining (the insets ii and v in the processes and the insets i, iii, iv, and vi in the peri-Golgi area). h Bar graph showing decrease of intracellular F-actin fibrils in the cells stably expressing γAdd C38 (C38, n0101) compared with control cells (Con., n083) (p<0.0001). i Bar graph showing the area of actin puncti distribution around the peri-nuclear region (as square micrometers) in control cells (Con.) and in cells stably expressing γAdd C38 (C38, p<0.0001). Scale bar050 μm (panels a, b, d, e) and 25 μm in panel f. Scale bar in insets05 μm 2.15 μm −2 ) (Fig. 5i) Transmembrane CPE is present in lipid raft domains at the TGN and in secretory vesicles (Dhanvantari and Loh 2000; Dhanvantari et al. 2002) . In our previous studies (Lou et al. 2010) , we showed that γ-adducin binds directly to the cytoplasmic tail of CPE, in the yeast two-hybrid (γAdd C38 ) and in vitro binding assays (full-length γ-adducin). This prompted us to further investigate the interaction between γ-adducin and the CPE cytoplasmic tail and to identify which part of the Cterminal domain of γ-adducin might be involved. Such an interaction could promote vesicular exit of POMC/ACTH from the TGN. We performed GST pulldown experiments and confirmed that γ-adducin interacted with GST-tagged CPE cytoplasmic tail (GST-CPE C10 , Fig. 6a ). To identify which region of the C terminus (γAdd C38 ) of γ-adducin interacts with the CPE cytoplasmic tail, three peptides (P1-P3) that corresponded to " 669 EEVLSPDGSPSKSPSKKK 686 ," " 687 KKFRTPSFLK 696 ," and " 697 KNKKKEKVEA 706 " at the C terminus of γ-adducin were used in the in vitro competition assays (Fig. 6b) . Same amounts of AtT20 cell cytosol were incubated with GST-CPE C10 in the absence (0) or presence of the three γ-adducin peptides at two different concentrations-10 nM (L) or 100 nM (H). The binding of endogenous full-length γ-adducin to GST-CPE C10 was decreased by all three peptides, but the P1 peptide was the most effective inhibitor of the interaction between γ-adducin and GST-CPE C10 . Thus, the P1 peptide-corresponding domain of γ-adducin appears to interact most stringently with the CPE tail.
Discussion
In this study, we have uncovered two new functions of γ-adducin: in promoting process/neurite outgrowth and facilitating vesicular exit of POMC/ACTH from the Golgi complex. Both these functions apparently depend on the final 38 amino acids at the C terminus of γ-adducin (γAdd C38 ), since they are inhibited by expression of γAdd C38 . The main intracellular cytoskeletal protein that interacts with γ-adducin is F-actin. Hence, F-actins must play a central role in the adducin-mediated process/neurite outgrowth and vesicular exit of POMC/ACTH from the Golgi complex. F-actins have been demonstrated to help neurite outgrowth at the neurite shaft (Geraldo and Gordon-Weeks 2009) . Thus, overexpression of exogenous γ-adducin in COS7 cells, which express very low levels of γ-adducin, may promote reorganization of F-actins to increase microtubule bundling and elongation of processes. On the other hand, overexpression of γAdd C38 in N2A and AtT20 cells, both of which express endogenous γ-adducin, inhibited neurite/process outgrowth. Moreover, overexpression of γAdd C38 in AtT20 cells caused loss of most filamentous actins in the cytoplasm. This loss of filamentous actins in cells expressing γAdd C38 appears to block neurite/process outgrowth. Thus, γ-adducin together with other adducins function in the organization of local actin filaments to promote outgrowth of neurite-like processes. Given that γAdd C38 does not significantly affect microtubule organization, the mechanism mediated by γ-adducin for neurite outgrowth appears to be mediated primarily by F-actins.
γ-Adducin also appears to be involved in the vesicular exit of POMC/ACTH from the trans-Golgi network, via interaction with F-actins that cover the cytoplasmic face of the Golgi complex (Godi et al. 1998; Fucini et al. 2000) . Cytoskeletal proteins including F-actins have been shown to play a role in vesicle formation/fission and release from the Golgi complex (Fucini et al. 2000; Dubois et al. 2005; De Matteis and Luini 2008; Miserey-Lenkei et al. 2010) . A role of γ-adducin in facilitating the exit of POMC/ACTH vesicles from the Golgi is supported by our observation of accumulation of γ-adducin (and α-adducin) around the Golgi complex (Fig. 3) . Indeed, overexpression of GFPγAdd C38 caused dispersion of F-actins from the Golgi complex and simultaneous accumulation of POMC in this Fig. 6 Interaction of γ-adducin with CPE cytoplasmic tail in AtT20 cells. a Western blot of the CPE cytoplasmic tail-bound γ-adducin in AtT20 cell cytosol. AtT20 cytosols were incubated with either GST tag alone or GST-tagged CPE cytoplasmic tail (GST-CPE C10 ). Proteins bound to GST were examined for γ-adducin by Western blotting. b Competition assay using peptides that correspond to three regions of the γAdd C38 . Same amount of aliquots (equivalent volume) of AtT20 cell cytosols were incubated with or without 10 nM (L) or 100 nM (H) of the three peptides (P1-P3) before GST pull-down assay using GST-CPE C10 . The sequences corresponding to the peptides P1, P2, or P3 are underlined
